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Abstract 
The experimental results of two differently designed hybrid PVT (photovoltaic-thermal) collectors are reported in the present 
paper. As well both collectors are being tested on an outdoor test stand varying the inlet temperature and the mounting solutions.
The focus of the conducted experiments lay on comparing the performance of PVT collectors with and without backside 
shielding in order to understand which building integration options for different applications (heating or cooling) are optimal.
The results demonstrate that for both heating and cooling applications the shielding of PVT collector leads to improving of the 
collector efficiency by 20-30 %.
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
Keywords: PVT collectors; zero-energy buildings; building integration of PVT collectors; longwave radiation cooling, backside shielding  
1. Introduction
Hybrid PVT (photovoltaic-thermal) solar collectors were first developed in the 70s by Martin Wolf [1, 2]. The
idea of this combined technology is to use valuable roof area of a building for both heating and electricity 
generation, as well as to improve the electrical performance of PV modules cooling them by a heat transfer fluid. 
According to our market review and [3] over 30 manufactures produce PVT collectors, the major part of them 
(about 30) produce uncovered PVT collectors (without frontal protecting glass cover, Fig. 1, left).  
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Nomenclature 
KH collector efficiency for heating case 
KC collector efficiency for cooling case 
K0 zero-loss collector efficiency factor 
c1 heat loss coefficient, Wm-2K-1
c3 wind speed dependence of heat loss coefficient, Jm-3K-1
c6 wind dependence of collector efficiency factor, sm-1
Generally, uncovered PVT collectors can be used for generating electricity, supporting a hot water system or a
low temperature heating system (for example, in combination with a heat pump). In recent years one more 
application is being intensively researched – the use of PVT collectors for space cooling which is based on long 
wave radiative heat losses from the collector surface, driving by temperature differences between this surface and 
the sky. Uncovered PVT collectors are more suitable for cooling purpose, because the heat losses are higher in 
comparison to a covered PVT collector. Whereas, covered collectors are able to achieve higher temperatures due to 
the additional glazing and therefore more suitable for heating purposes (Fig. 1).  
Fig. 1. Uncovered and covered PVT collectors 
Building integrated solutions for solar collectors are being investigated to cover the energy demand (heating, 
cooling and electricity) of a building using local renewable energies. Since the performance of PVT solar collectors 
depends strongly on integration solution – as will be demonstrated further – it makes sense to analyze the
performance of PVT collectors from the building integration point of view, i.e. how does the mounting on (into) e.g. 
the roof influences the performance for different applications (heating or cooling). Two different mounting options 
and their analysis are presented in the next chapters.  
2. Descriptions of PVT Prototypes
Several prototypes of PVT collectors have been designed at the Stuttgart University of Applied Science [4]. One 
of them (home+ 2.0) is based on the collector design of the zero-energy house “home+” for the Solar Decathlon 
Europe 2010. This home+ collector haven been modified after the completion in order to improve the performance. 
The analyzed collector, developed by the University of Applied Sciences Konstanz is integrated into the roof of the 
experimental zero-energy house named “ecolar”. Both zero-energy buildings have been designed for the Solar 
Decathlon Europe competition 2010 and 2012, respectively.
These two collectors are presented in Fig. 2. The “home+ 2.0” PVT collector consists of a laminated glass-PV-
absorber module and aluminum fins with serpentine cooper tubes bonded together with a heat conductive silicon 
glue (Fig. 3 right). The “ecolar” PVT collector construction comprises a holohedral polypropylene absorber pressed 
against a laminated glass-PV-glass module with aluminum U-profile in diagonal, providing more contact zones 
between the absorber and the PV module (Fig. 3 right). 
Simulation results have shown that 43% of the cooling load (location Madrid) of the original collector design 
“home+” can be covered by these PVT collectors with measured mean specific cooling powers between 40 and 65 
W/m² depending on the temperature level [5]. It can be expected that using the improved collector “home+ 2.0” the 
energy yield can be increased.  
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a) b)
Fig. 2. (a) PVT collector integrated into “home+”; (b) PVT collector integrated into “ecolar”
There are two main possibilities for integration of solar thermal collectors or PVT modules into the roof. First, in-
roof mounting where the collectors are mounted close to the next construction layer with an air gap (described as 
“shielded” in the following chapters) and second is free attached solution where the collector is almost surrounded 
by ambient air all-over e.g. as a shading device or a shading/protecting roof (respectively “unshielded”). These 
mounting solutions considered in this paper are depicted in Fig. 3. In order to simulate these two different solutions 
the PVT collectors were installed and measured in the PVT outdoor test stand.   
Fig. 3. Building integration examples: (left) for “unshielded” PVT collectors as shading devices, (left) for “shielded” collectors; (middle) cross 
sections of the prototypes “home+2.0” (1a) “unshielded”, (1b) “shielded” and “ecolar” (2a) “unshielded (2b) “shielded”
3. Experimental measurements
3.1. Test stand and mounting solutions 
An outdoor test stand was set up on the roof at the Stuttgart University of Applied Science. Up to five solar 
collectors can be tested simultaneously under dynamic conditions, what enables a direct comparison of the 
collectors’ performances. The thermal power output of the collectors is calculated from the measured volumetric 
flow rate and the difference between inlet and outlet temperatures. The wind speed and the global radiation are 
measured in the collector plane. The measurements of the horizontal diffuse radiation are also available. A
meteorological station is installed and measures the wind speed, wind direction, barometric pressure, ambient 
temperature and relative humidity. The inlet temperature is controlled by means of a reversible chiller capable of 
maintaining the set temperature within ± 0.2 K. 
In June 2014 the new International Standard EN ISO 9806:2013: “Solar energy. Solar thermal collectors. Test 
methods” was published. This standard cancels and replaces the editions EN 12975-2:2006, ISO 9806-1:1994, ISO 
9806-2:1995, and ISO 9806-3:1995, which have been technically revised. This international standard includes test 
methods for the thermal performance characterization of fluid heating collectors and it is also applicable to hybrid
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PVT collectors. The procedure for the collector performance test is based on the quasi dynamic test method (QDT) 
described in the International Standard EN ISO 9806:2013.   
The measurements of the discussed shielded PVT collectors were conducted from June till the mid-August 2014, 
then a polystyrene insulation according to the standard EN ISO 9806 (2014) were mounted on the rear side of 
collectors with a gap of 66mm (home+2.0) and 80mm (ecolar) between the collector surface and the insulation (Fig. 
3, 4) and the measurements were continued. Three days in July and August with the suitable testing conditions were 
analyzed for the case of unshielded PVT collectors and three days in September for the case of shielded PVT 
collectors. The inlet temperatures have been varied for each of three days for the both cases: +15, +7oC and equal to 
ambient temperature. The PV module operated in open circuit mode.  
     
 
 
Fig. 4. (a) unshielded collectors at the test stand, (b) unshielded on the rear side of the PVT collector side view and (c) shielded back view.  
3.2. Measurement results and analyzes  
The performance results of the tested collectors shielded and unshielded are presented in Table 1. The 
characteristic curves for the tested PVT collectors in case of heating and cooling are presented in Fig. 5-8. A 
detailed description of collector parameters’ calculation and the generation of the efficiency curves for heating and 
cooling can be found in [7].  
Table 1. Efficiency of tested PVT collectors 
Parameter 
home+ 2.0 ecolar 
unshielded shielded unshielded shielded 
Collector efficiency factor K0 0,48 0,64 0,38 0,47 
Heat loss coefficient c1, Wm-2K-1 8,45 14,97 7,66 10,12 
Wind speed dependence of heat loss coefficient c3, Jm-3K-1 4,86 0,21 2,86 1,9 
Wind dependence of collector efficiency factor c6, sm-1 0,027 0,058 0,008 0,036 
 
First of all, it should be mentioned that thanks to a better contact between the PV-module and the absorber and, 
hence, the better heat transfer in the “home+2.0” collector the efficiency of this collector is higher than of the 
“ecolar” collector.  
The shielding of the collectors leads to a higher zero-loss collector efficiency factor (K0) because of lower 
radiation heat loss. At the same time, the gap between the rear insulation and the collector leads to higher wind 
speed within the gap and consequently to higher heat loss coefficient c1 (see Table 1).  
The dependence of collector efficiency on the wind speed rises significantly for the unshielded collectors, it 
reflects in the decrease of the collector efficiency with growing wind speeds (the efficiency curve is steeper at higher 
wind speed). The wind dependence of heat loss coefficient c3 of the shielded collector “ecolar” is smaller than the 
unshielded as expected. But c3 is unexpected too small for the shielded “home+2.0” collector which is untypical for 
uncovered collectors – the efficiency curve slope does not change much with the increasing of wind speed – which 
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needs to be further analyzed. The variability of the wind speed during the measurements was eventually too small 
for precise determination of coefficient c3. 
Fig. 5. Performance curves for “home+2.0” collector unshielded (left) and shielded (right) for heating applications 
Fig. 6. Performance curves for “ecolar” collector unshielded (left) and shielded (right) for heating applications 
In contrast to the heating application, efficiency curves for cooling application (Fig. 7-8) increase with the 
temperature difference between the mean fluid temperature and the ambient temperature. The wind speed influences 
conversely to the heating case: the higher the wind speed is, the better the efficiency is. Yet, when the temperature 
of the transfer fluid is below the ambient temperature, the wind speed affects negatively the efficiency. The 
efficiency is therefore higher at lower wind speed, because the collector absorbs heat instead of losing it, and the 
heat transfer is better, if the wind speed is higher. Anyway, the cooling of transfer fluid under the ambient 
temperature leads to low collector efficiency: lower than 0,5 in all cases. As above in the heating case the shielded 
“home+2.0” collector shows unexpected behavior due to the low c3 value - the cooling efficiency drops with 
increasing wind speed at positive temperature differences - the crossing point is not at zero temperature difference.
4. Conclusions
Two different PVT collectors designs were measured and analyzed in two different mounting solutions, the
characteristic curves were plotted with varying the wind speed. As anticipated the building integration solution has 
an influence on the collector performances of about 20-30% improvement for the shielded. The results show that it 
makes sense to shield the collector for both heating and cooling applications: in case of heating the collector 
efficiency rises and at the same time the heat loss coefficient (c1) increases due to the stack effect that is better for 
the cooling.  Finally, it can be concluded that a better bonding between the absorber and the PV module improves 
the collector efficiencies for both heating and cooling. 
1894   Jan Cremers et al. /  Energy Procedia  78 ( 2015 )  1889 – 1894 
-5 0 5
0
0.5
1
 
K C
 [-
]
Tm - Ta [K]
u = 1 m/s
u = 2 m/s
u = 3 m/s
Ta = 20°C  ;  Tsky = -5°C
-5 0 5
0
0.5
1
 
K C
 [-
]
Tm - Ta [K]
u = 1 m/s
u = 2 m/s
u = 3 m/s
Ta = 20°C  ;  Tsky = -5°C
-5 0 5
0
0.2
0.4
0.6
0.8
1
 
K C
 [-
]
Tm - Ta [K]
u = 1 m/s
u = 2 m/s
u = 3 m/s
Ta = 20°C  ;  Tsky = -5°C
-5 0 5
0
0.2
0.4
0.6
0.8
1
 
K C
 [-
]
Tm - Ta [K]
u = 1 m/s
u = 2 m/s
u = 3 m/s
Ta = 20°C  ;  Tsky = -5°C
Fig. 7. Performance curves for “home+2.0” collector unshielded (left) and shielded (right) for cooling applications
Fig. 8. Performance curves for “ecolar” collector unshielded (left) and shielded (right) for cooling applications 
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